Introduction {#sec1}
============

With the booming demands of the global energy, the utilization of C1 chemistry (*e.g*., CO, methanol, methane, CO~2~, *etc*) is of overwhelming interest over the past decades and becomes a reliable pathway to relieve the energy crisis.^[@ref1]^ The methanol output reaches up to 130 million tons per year in 2017 in China, and the supply overall is extremely excessive.^[@ref2]^ Therefore, methyl formate (MF), produced from methanol and containing a number of organic functional groups (aldehyde, ether, and methyl groups), has been considered as an important chemical intermediate and as environmentally benign chemicals in the emerging area of "green chemistry". It is widely used in the chemical industry to produce dozens of chemicals and is exploited as an important precursor in the pharmaceutical and pesticide productions.^[@ref3]−[@ref5]^ Generally, MF is produced *via* the carbonylation and dehydrogenation reactions of methanol at a high temperature (\>100 °C). These thermal synthetic methods suffer from medium conversion (*e.g*., \<50%) and a large lack of product selectivity (*e.g*. CO, CO~2~, formaldehyde, dimethyl ether, *etc*), thereby resulting in a major challenge for further separation steps and costs.^[@ref6]−[@ref9]^ These thermal reactions also consume large energy and lead to some environmental issues.

Further, methanol photo-oxidation to MF has exhibited great advantages and considerable prospects because of its green pathway and energy-saving nature.^[@ref10]^ This photo-oxidation can realize the methanol conversion to the MF product with the abatement of CO~2~ byproduct (\<5%).^[@ref11]−[@ref13]^ In very recent investigations, it is found that the IB metal nanoparticles (*i.e.,* Au, Ag, and Cu) anchored onto the TiO~2~ support have showed good catalytic performance in the selective photo-oxidation of methanol into MF using molecular oxygen as oxidants.^[@ref14]^ For example, the homo Au and Ag nanoparticles and their alloy nanoparticles, anchored on TiO~2~, exhibit good activity (*e.g.,* 82% methanol conversion and 85% MF selectivity) at room temperature.^[@ref11]^ Further, the introduction of ultrasmall-sized copper oxide can largely reduce the recombinant rate of photogenerated electrons and holes during the photocatalysis,^[@ref14]^ which may improve the catalytic activity of the TiO~2~-based nanocomposites during the photo-oxidation of methanol. For example, in our very recent works, the CuO nanoparticles, selectively anchored onto the TiO~2~{101} facet, exhibited good catalytic performance during the selective methanol photo-oxidation to MF under mild reaction conditions.^[@ref14]^

Herein, we further extend the study system to design and prepare a CuO/TiO~2~-nanotube nanocomposite catalyst in this work. The ultrasmall CuO particles of 3.5--5.5 nm are anchored on the surface of the nanotube-like TiO~2~ oxides. These robust CuO/TiO~2~-nanotube nanocomposites exhibit high photocatalytic activity in the photo-oxidation of the methanol into MF (a 93.3% methanol conversion and 89.4% selectivity toward MF over 7% CuO/TiO~2~-nanotube), which is strongly associated with the efficiency of the recombination for photogenerated electrons and holes on the surface of the nanocomposites (the apparent quantum efficiency reaches up to 57.6%).

Results and Discussion {#sec2}
======================

Synthesis and Characterization of CuO/TiO~2~-T Photocatalysts {#sec2.1}
-------------------------------------------------------------

A series of CuO/TiO~2~-T nanocomposites with different CuO concentrations are obtained *via* a simple reduction--deposition method using NaBH~4~ as a reducing agent in the presence of a copper nitrate aqueous solution. These as-obtained nanocomposites are characterized by a serial of technologies, such as powder XRD, TEM with EDX, XPS, UV--vis, and photoluminescence (PL). First, the crystalline structures of as-synthesized TiO~2~-T and CuO/TiO~2~-T nanocomposites with different CuO weight percentages (*e.g.,* 3, 5, 7, and 10%) are examined by XRD, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. It is clearly observed that all diffraction peaks of TiO~2~-T are well defined and match well the standard diffraction data for pure anatase-TiO~2~ (JCPDS 01-078-2486).^[@ref15],[@ref16]^ There is a very weak diffraction peak at 2θ 29.2°, observed in the CuO/TiO~2~-T nanocomposites, which indicates the presence of the CuO species in the nanocomposites. Interestingly, the diffraction peaks of CuO/TiO~2~ catalysts broaden and shift to the left slightly, which is another evidence of the presence of CuO species.^[@ref17]^ Further, these ultrasmall-sized copper species maybe highly dispersed onto the surface of TiO~2~ supports, supporting further TEM analyses.

![XRD patterns of TiO~2~-T and CuO/TiO~2~-T nanocomposites.](ao0c01169_0001){#fig1}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the typical TEM image of the synthesized 7% CuO/TiO~2~-T catalysts, which showed that nanotubular morphology has been uniformly formed with a length of 150--200 nm and diameter of 10--20 nm. The dispersion of CuO nanoparticles onto the surfaces of TiO~2~ nanotubes is uniform with an average size of 4.5 nm. The elemental mappings of Cu, Ti, and O, shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, strongly demonstrate that these Cu, Ti, and O species are homogeneously distributed throughout the whole selected area and reveal the formation of the p--n heterojunction between CuO and TiO~2~.^[@ref18]^

![(a) TEM images of the CuO/TiO~2~-T nanocomposites. (b) Zoom-in image.](ao0c01169_0002){#fig2}

![(a) TEM images and (b--e) corresponding energy-dispersive X-ray spectroscopy element of the CuO/TiO~2~-T nanocomposites: (b) Cu, (c) O, and (d) Ti.](ao0c01169_0003){#fig3}

Next, the optical absorbance properties of the bare TiO~2~-T and CuO/TiO~2~-T nanocomposites are characterized by the UV--visible absorbance spectra ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). A strong adsorption band (\<380 nm) is found for TiO~2~-T, which is caused by the intrinsic interband absorption of TiO~2~.^[@ref19]^ Meanwhile, the CuO/TiO~2~-T nanocomposites show some additional absorption bands in the range of 380--800 nm. The weak absorption band at 380--500 nm is attributed to the charge transfer from the valence band (VB) of TiO~2~-T to the CuO nanoparticles.^[@ref20]^ The absorption in the range of 500--800 nm is associated with the intrinsic exciton band of CuO and the d--d transition of the Cu^2+^ species.^[@ref21]^

![(a) UV--vis reflectance and (b) PL spectra of the TiO~2~-Tand CuO/TiO~2~-T nanocomposites.](ao0c01169_0004){#fig4}

Additionally, PL characterization is conducted to clarify the charge recombination rate. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, the PL intensity of all the CuO/TiO~2~-T nanocomposites is lower than the pristine TiO~2~-T, demonstrating that the introduction of the CuO nanoparticles restrain effectively the recombination of the photogenerated electrons and holes.^[@ref22]^ Simultaneously, it can be clearly seen that the PL intensity of the CuO/TiO~2~-T decreases with the copper content up to 7%, followed by a certain extent increasing for 10%CuO/TiO~2~-T. These observations illustrate that the photogenerated charge recombination can be suppressed by increasing the content of CuO to a certain because of the electron transfer from TiO~2~ to CuO nanoparticles, and then, it can result in the separation of photogenerated electron--hole pairs. These findings are consistent with our previous observations.^[@ref23]^

Further, X-ray photoelectron spectroscopy (XPS) is utilized to investigate the oxidation states of the CuO/TiO~2~-T nanocomposites. The 7 wt % CuO/TiO~2~-T nanocomposites are chosen for the XPS analysis; the Ti 2p, O 1s and Cu 2p species are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The characteristic binding energies (B.E.s) at 458.6 and 464.4 eV are attributed to Ti 2p~3/2~ and Ti 2p~1/2~, respectively ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), which is assigned to be the Ti^4+^ in anatase-TiO~2~.^[@ref24]−[@ref26]^ Two typical peaks at 952.8 and 932.8 eV with a B.E. gap of 20.0 eV indicate the presence of CuO rather than Cu~2~O species.^[@ref27]^ It is worth noting that the B.E. at 944.1 eV is a shake-up satellite peak for CuO ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), assigned to the unfilled 3d^9^ shell of Cu, which is another evidence to confirm the presence of CuO rather than the Cu~2~O species or the metallic Cu in the CuO/TiO~2~-T nanocomposites.^[@ref28]^ The O 1s spectrum can be split into three types of oxygen species ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c): (i) the B.E. at 530.6 eV is associated with the lattice oxygen (O~L~), (ii) the B.E. value at 531.9 eV refers to the surface oxygen vacancies (O~V~), and (iii) the 533.2 eV peak is assigned to the hydroxyl groups (O~H~).^[@ref29]^ The concentration of O~V~ is ∼17.6% over CuO/TiO~2~-T based on the calculation of the peak areas, which is higher than that of the bare TiO~2~-T (∼13.9%).

![XPS spectra of TiO~2~-T and 7%CuO/TiO~2~-T nanocomposites: (a) Ti 2p, (b) Cu 2p, and (c) O 1s.](ao0c01169_0005){#fig5}

Photocatalysis of Methanol Oxidation over CuO/TiO~2~ {#sec2.2}
----------------------------------------------------

The catalytic performance of the TiO~2~-T and CuO/TiO~2~-T nanocomposites is studied in the selective photo-oxidation of methanol into MF, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. Compared with bare TiO~2~-T, the catalytic activities of CuO/TiO~2~-T composites, including the CH~3~OH conversion and the MF selectivity, are obviously enhanced. Among these CuO/TiO~2~-T composites, the 7% CuO/TiO~2~-T catalysts exhibit the highest catalytic performance: a CH~3~OH conversion of 93.3% and a MF selectivity of 89.4% at 25 °C, and the CH~3~OH conversion over the 7% CuO/TiO~2~-T catalysts improves with the increasing reaction temperatures (reaching up to 98.5% at 45 °C). On the contrary, the selectivity toward MF is remarkably dropped with the increasing temperature (*e.g*., 79.2% at 45 °C), which is mainly caused by the over-oxidation processes, resulting in the formation of the byproduct CO~2~ at higher temperature. It is worth to note that the catalytic performance over 10% CuO/TiO~2~-T decreased in comparison with 7% CuO/TiO~2~-T, which may be because the higher loading of CuO exceeds 7 wt % leads to the rapid recombination for photogenerated electrons/holes combined with the PL results.

![(a) Methanol conversion, (b) MF selectivity, and (c) MF formation rate as a function of reaction temperature over the TiO~2~-T and CuO/TiO~2~-T photocatalysts. Reaction conditions: 20 mg catalysts and CH~3~OH/O~2~/N~2~ = 1.0:0.5:98.5 (v/v/v). (d) Relationship between the MF formation rate and the PL intensity of the CuO/TiO~2~-P nanocomposites.](ao0c01169_0006){#fig6}

The MF formation rate over these photocatalysts at different reaction temperatures was investigated ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c). The formation rate over TiO~2~-T nanocomposites slightly decreases with the increasing reaction temperature, reaching a 6.0 mmol g^--1^ h^--1^ at 25 °C. Of note, the formation rate over the CuO/TiO~2~-T nanocomposite is found to be distinctly higher than that over the bare TiO~2~-T. The 7% CuO/TiO~2~-T gives the highest productivity rate of 10.9 mmol g^--1^ h^--1^ at 25 °C, which is substantially higher than previously documented nanocomposite photocatalysts (*e.g*., TiO~2~-supported Cu/Ag/Au catalysts and CuO/CuZnAl, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).^[@ref11]−[@ref13]^[Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d shows that the photocatalytic activity of TiO~2~-T and CuO/TiO~2~-T nanocomposites has a direct relation with the PL intensity, namely, the catalysts possessing the lowest PL intensity gave rise to the highest photocatalytic activity. It indicates that the high photocatalytic activity of the nanocomposites is strongly associated with the efficiency of the recombination for photogenerated electrons and holes on the surface of the nanocomposites.

###### Screening the Catalytic Activity of the Photo-Oxidation of Methanol in the Gas Phase over the Various Catalysts at 25 °C

  catalyst       CH~3~OH conversion (%)   MF selectivity (%)   formation rate (mmol g^--1^ h^--1^)   refs
  -------------- ------------------------ -------------------- ------------------------------------- ------------
  Ag/TiO~2~      75                       80                   7.3                                   ([@ref11])
  Au/TiO~2~      65                       75                   5.9                                   ([@ref11])
  Cu/TiO~2~      65                       55                   4.4                                   ([@ref12])
  CuO/CuZnAl     80                       60                   5.8                                   ([@ref13])
  CuO/TiO~2~-T   93.3                     89.4                 10.9                                  This work

Further, we also investigated the apparent quantum efficiency (AQE) of TiO~2~-T and CuO/TiO~2~-T nanocomposites ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a) and found that the 7% CuO/TiO~2~-T composites give the highest AQE (reaching up to 57.6% at 25 °C). Furthermore, the turnover frequency (TOF) of the 7%CuO/TiO~2~-T photocatalysts can reach to 22.9 mmol g^--1^ h^--1^ at 25 °C, which is about two-fold of that over the bare TiO~2~-T oxides ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Thus, these catalytic results indicate that the CuO/TiO~2~-T composites exhibit an excellent catalytic performance in the photo-oxidation of the methanol process. It is worth to note that both the bare TiO~2~-T and CuO/TiO~2~-T nanocomposites are inactive during the methanol conversion when the photoreactions were carried out under visible light irradiation (\>400 nm). These results demonstrate that only the CuO species can adsorb visible light, implying that CuO nanoparticles cannot excite photogenerated electrons and holes and can only work as a bridge to transfer electrons from TiO~2~ to CuO for improving the charge separation. The presence of CuO promotes effectively the separation of photogenerated electrons, thus greatly enhancing the catalytic activity of CuO/TiO~2~ catalysts in the photo-oxidation of methanol into MF.

![(a) AQE and (b) TOF over TiO~2~-T and CuO/TiO~2~-T photocatalysts as a function of temperature in the methanol photo-oxidation. Of note, 20 mg of nanocomposites in the presence of the reaction gas (the molar ratio of CH~3~OH/O~2~/N~2~ is 1.0:0.5:98.5) is applied.](ao0c01169_0007){#fig7}

Durability {#sec2.3}
----------

Moreover, the durability of the 7%CuO/TiO~2~-T nanocomposites also is evaluated at 25 °C ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). It is found that the conversion of methanol and the selectivity of MF maintain at 90.8--93.4 and 87.1--89.5%, respectively, throughout the reaction monitored for over 18 h. These experimental results clearly indicate that these CuO/TiO~2~-T nanocomposites exhibit an excellent durability and robust nature during the photo-oxidation of methanol processes.

![Durability of CuO/TiO~2~-T photocatalysts at 25 °C for 18 h. Reaction conditions: 20 mg catalysts and CH~3~OH/O~2~/N~2~ = 1.0:0.5:98.5 (v/v/v).](ao0c01169_0008){#fig8}

Tentative Reaction Mechanism of the Photo-Oxidation {#sec2.4}
---------------------------------------------------

According to the abovementioned experimental results, we speculate a tentative mechanism for the methanol photo-oxidation over the CuO/TiO~2~-T nanocomposites, as displayed in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. When CuO/TiO~2~-T is irradiated by an UV light of λ = 365 nm, the electrons at the VB of TiO~2~ should be excited to its conduction band, generating electrons and holes. First, the interface between CuO nanoparticles and TiO~2~ supports is in favor of promoting electrons transferred to the surface of CuO, leading to the separation efficiency of photogenerated electrons and holes. At the same time, methanol molecules are adsorbed onto the surface of TiO~2~-T, and then, it is activated and converted to MF over the photogenerated holes.^[@ref30]^ In detail, the methanol is adsorbed and activated over the surface oxygen species of TiO~2~ (*e.g.,* oxygen vacancies and hydroxyl group) to give rise to the adsorbed methoxy species (CH~3~O\*). Next, the photogenerated holes transform the formed CH~3~O\* species to the adsorbed formaldehyde (CHO\*) *via* an oxidative step. Finally, the CHO\* species couples with the neighboring CH~3~O\* species to generate MF products. The whole conversion process is supported by our previous observation in the *in situ* ATR-IR spectroscopy analysis.^[@ref30]^

![Proposed Mechanism for the Selective Methanol Oxidation to MF Using CuO/TiO~2~ as the Photocatalysts](ao0c01169_0009){#sch1}

Conclusions {#sec3}
===========

In conclusion, we report an effective photo-oxidation of methanol toward MF over a heterojunction photocatalyst (CuO/TiO~2~-T) using oxygen as the oxidant in this work. The catalytic performance, including both methanol conversion and MF selectivity, is enhanced systematically when the ultrasmall-sized CuO particles are introduced. We observed that the photocatalytic activity of the CuO/TiO~2~-T is associated with the efficiency of the recombination for photogenerated electrons/holes. Among all the nanocomposites we studied in the reaction, the 7% CuO/TiO~2~-T, exhibiting the lowest PL intensity, shows the highest activity, that is, 93.3% CH~3~OH conversion with 89.4% MF selectivity, a TOF of 22.9 mol~methanol~ mol~Cu~^--1^ h^--1^, and an apparent quantum efficiency of 57.6%. In conclusion, these findings may give some cue to design and develop new catalytic systems *via* photocatalytic process and an applicable green route to high-valuable chemical synthesis direct from methanol.

Experimental Methods {#sec4}
====================

Preparation of TiO~2~ Nanotubes {#sec4.1}
-------------------------------

TiO~2~ nanotubes (shortened as TiO~2~-T hereafter) were synthesized by a simple hydrothermal method. The typical synthesis process is as follows: ∼0.5 g of P25 was dispersed in 30 mL of NaOH solution (10 mol L^--1^) and stirred for 30 min at room temperature in a 50 mL Teflon bottle. Then, the bottle was sealed tightly and subjected to hydrothermal treatment at 130 °C for one day. The obtained white precipitate was centrifuged and thoroughly washed with distilled water several times. Further, the as-obtained white precipitate was dispersed into a 200 mL, 0.1 M HCl solution and stirred for 3 h. The precipitate was centrifuged, washed with distilled water several times, and dried at 80 °C for 12 h to achieve the TiO~2~-T oxides.

Preparation of CuO/TiO~2~-T Heterojunction {#sec4.2}
------------------------------------------

The CuO/TiO~2~-T catalysts were prepared by a reduction--deposition method according to our previous methods.^[@ref31],[@ref32]^ Typically, the as-prepared TiO~2~-T supports were dispersed in 100 mL deionized water, and then, continuously ultrasound was performed for 30 min after a certain amount of 0.01 M Cu(NO~3~)~2~ solution was added. Subsequently, a 2.5 molar equivalent of NaBH~4~ was added to the abovementioned solution. After vigorously stirring for 24 h at room temperature, the color of the solution changes from brownish red to light green. The obtained solid precipitates were collected by filtration and washed with water and ethanol several times. Finally, the solids were dried at 80 °C overnight prior to the photocatalysis tests. These nanocomposites are labelled as *x*%CuO/TiO~2~-T, where *x* (3, 5, 7, and 10 in this work) represents the weight percent of CuO loading.

Photocatalytic Activity Test {#sec4.3}
----------------------------

The methanol photocatalytic oxidation to MF was carried out in a home-made continuous flow reactor with a rectangular quartz window, which is protected by a cooling water circulation system. The photocatalytic process is schematically shown in [Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"}. A mercury lamp (power: 500 W, wavelength: 365 nm, light intensity: 18.6 mW cm^--2^, CEL-LAM500) is installed above the rectangular quartz window. Catalysts (20 mg) were loaded onto a rectangular glass. The catalysts were fully exposed to the UV light irradiation at 25--45 °C. A gas mixture, containing 1.0 v % methanol and 0.5 v % O~2~ balanced with N~2~, is bubbled into the reactor at a flow rate of 20 mL min^--1^. The effluent was examined by an on-line GC analysis (Agilent-GC7820 equipped with a thermal conductivity detector (TCD) for CO and CO~2~ products and a flame ionization detector (FID) for methanol, MF, dimethyl ether, and formaldehyde).

![Schematic Diagram of the Photocatalytic Oxidation Process of Methanol to MF. Photograph Courtesy of Q.Q. Shi. Copyright 2019](ao0c01169_0010){#sch2}

Calculation of Formation Rate, AQE, and TON {#sec4.4}
-------------------------------------------

The MF formation rate was calculated using^[@ref11]^where *F*~MF~ is the formation rate of MF, ρ~methanol~ is concentration of methanol, *V* is the flow rate of feed gas, X~methanol~ is methanol conversion, *S*~MF~ is MF selectivity, *m* is weight of the catalyst, and *M* is molecular weight of methanol.

The apparent quantum efficiency (AQE) for MF generation is calculated according to following equations^[@ref33]^where *F*~HCOOCH~3~~ is the formate rate of HCOOCH~3~ (mmol g^--1^ h^--1^), *N*~A~ is Avogadro constant (6.02 × 10^23^), *L* is light intensity of lamp (18.6 × 10^--3^ mW cm^--2^), *S* is the surface area of the rectangle quartz window on the top of reactor (23.8 × 3.9 cm^2^), *h* is Planck constant (6.626 × 10^--34^ J s^--1^), *c* is the speed of light (2.998 × 10^8^ m s^--1^), and λ is wavelength (365 × 10^--9^ m).

The TOF of TiO~2~-T and CuO/TiO~2~-T catalysts according to the following equation iswhere TOF is the TOF of CH~3~OH (mmol g^--1^ h ^--1^), *Q* is the flow rate of feed gas (20 mL min^--1^), ρ is the percentage of methanol in feed gas (1%), *X* is the methanol conversion, *m* is the weight of the catalyst (0.02 g), and *V* is gas molar volume (22.4 mL mol^--1^).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01169](https://pubs.acs.org/doi/10.1021/acsomega.0c01169?goto=supporting-info).Additional chemical and characterization methods ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01169/suppl_file/ao0c01169_si_001.pdf))
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